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The ground water is predominantly a calcium bicarbonate type.
Dissolved solids, calcium carbonate hardness, and chloride are greatest along the saltwater-intruded coastline and in the western part of the study area where diluted residual seawater exists. Total organic carbon increases inland because of infiltration of rainwater through thicker layers of organic soils.
Ground-water levels in the surficial aquifer in eastern Palm Beach County are strongly influenced by controlled levels in canals of the South Florida Water Management and the Lake Worth Drainage Districts. In March 1981 after 12 months of below-average rainfall, ground-water levels ranged from about 2 feet above sea level along the coast to nearly 21 feet above sea level, 15 miles inland in the northwest section of the study area. Geologic, water-quality, and water-level data were used to describe the zone of secondary permeability.
Data were collected at 95 wells penetrating the surficial aquifer in eastern Palm Beach County during this investigation to delineate the zone of secondary permeability.
Of this total, 56 were existing wells, and 39 were new wells drilled specifically to collect hydrologic and geologic data.
The wells range in depth from 11 to 520 feet below land surface. The types of data collected at selected wells included geology, water quality, and water-levels.
Geologic data collected at 68 wells included lithologic logs, driller's logs, and geophysical logs (spontaneous potential, resistivity, neutron, and gamma-ray) (Swayze and-others, 1981) . These data were interpreted and correlated to determine the aquifer geology and to estimate the areal and vertical extent of the zone of secondary permeability in the surficial aquifer.
Point ground-water samples were collected from 39 wells penetrating the aquifer to depths ranging from 40 to 252 feet below land surface.
These samples were analyzed for selected parameters and used to evaluate the vertical and spatial distribution of water-quality types in the surficial aquifer.
Water levels were measured in 30 wells which range in depth from 11 to 279 feet below land surface. Continuous water-level recorders were installed in 13 wells. A complete tabulation of water-quality, water-level, and well-construction data at these wells is available from the National Water Data Storage and Retrieval System (WATSTORE).
For information about WATSTORE, see section 5.0 of this report. Continued growth in Palm Beach County will result in the need for further development of freshwater resources. The surficial aquifer is the only fresh ground-water source being developed.
Land use and development in eastern Palm Beach County will greatly influence location and development of additional freshwater sources. The densely populated and developed section of Palm Beach County, originally limited to a narrow urbanized coastal band, is steadily expanding west into formerly undeveloped and agricultural areas. Development of the county's main freshwater source, the surficial aquifer, is also expanding to the west from the coastal area. Increasing numbers of municipal well fields, industries, and private wells are drawing water from the aquifer. A zone of secondary permeability in the surficial aquifer was produced by dissolution of cementing materials.
A discontinuous zone of secondary permeability, which is the northernmost extension of the Biscayne aquifer, exists in much of the surficial aquifer in eastern Palm Beach County.
A geohydrologic description of the Biscayne aquifer can be found in Parker and others (1955) . The increased permeability in this zone of the aquifer is due to post-depositional dissolution of calcareous materials in the Anastasia Formation of Pleistocene age (Parker and others, 1955, p. 100) . The materials removed appear to have been calcitic cementing agents that bound together the calcareous quartz sandstones, coquinas, and sandy limestones (Fischer, 1980, p. 17) . Dissolution of cementing materials produces the characteristic "cavityriddled" lithology and secondary permeability.
Many of the lithologic units extend beyond the areal extent of the zone, differing only in the absence of cavities (or lower secondary permeability). The amount of secondary permeability development in the zone varies greatly both vertically and horizontally.
The zone of secondary permeability was identified in 49 of 68 geologic test wells in eastern Palm Beach County. The presence of solution cavities was indicated during drilling by frequent loss of circulating fluid or 3-to 5-inch drops of the rotating drill bit. Drilling cuttings from the zone commonly contained subrounded particles, calcite crystals, and large amounts of loose, fine-grained, quartz sand that are further indications of partially filled cavities. The zone of secondary permeability in the surficial aquifer was formed as a result of sea-level variations during the Pleistocene Epoch.
The materials that form the surficial aquifer in eastern Palm Beach County were deposited in a variety of environments ranging from beach and lagoonal to shallow marine. The axes of the lithologic units generally trend north-south, paralleling the present shoreline. The stratigraphy and lithology represent depositional and erosional cycles due to sea-level changes during Pleistocene time.
Lithologic sections A-A 1 to G-G f , shown in figures 2.1.1-1 to 2.1.1-7 (see figure 2.1-1 for section locations), indicate the extreme variability of the depth and thickness of the zone of secondary permeability.
Changes in sea level and corresponding changes in ground-water levels, combined with variable susceptibility to dissolution of the aquifer materials, created the cavity-riddled characteristics which resulted in the secondary permeability. 
GROUND-WATER LEVELS IN EASTERN PALM BEACH COUNTY ARE CONTROLLED BY MAN
Ground-water levels in the surficial aquifer are influenced by controlled levels in canals of the South Florida Water Management and Lake Worth Drainage Districts. Recharge of the aquifer occurs by infiltration from these canals and from rainfall.
Recharge of the surficial aquifer in eastern Palm Beach County occurs by infiltration from canals and rainfall.
Surface water is pumped east from the L-40 Canal and north from the Hillsboro Canal through a network of lateral and equalizing canals.
Surface water is also conveyed east in Canals L-8 and M to augment water in the West Palm Beach water-catchment area which replenishes municipal surface-water supplies for West Palm Beach Responses to rainfall are rapid, and the hydrograph shows seasonal water-level trends.
Well PB-809, a deep well (145 feet below land surface) near well PB-99, exhibits extreme variations in water levels.
These variations are due to pumpage from a nearby well field.
Responses to rainfall are slower due to the time required for leakage of water through discontinuous semiconfining layers of sandy clays at shallower depths. The hydrograph also shows seasonal water-level trends.
Well PB-445 is a shallow well (11.4 feet below land surface) in an area highly controlled by canals.
Responses to rainfall are dampened, and very slight seasonal trends are noted. During the previous 12 months, rainfall was about 18 percent (10.8 inches) below the long-term average. The water level in Conservation Area no. 1 was about 13.6 feet, nearly 2 feet below normal.
Ground water flows from areas of high-water levels towards areas of low-water levels in a direction perpendicular to water-level contours. A ground-water divide is a ridge in the water level from which ground water moves away in both directions.
In the southern half of eastern Palm Beach County, a ground-water divide runs approximately parallel to the Florida Turnpike. Ground water flows both east and west from this line. Eastward flow is eventually discharged -to the ocean or may be intercepted by canals with lower water levels.
Westward flow is eventually discharged to canals bordering Conservation Area no. 1. The ground-water divide is transitory; its position can be changed by manipulating water levels in canals of the Lake Worth Drainage District.
Construction of major canals, such as the West Palm Beach and Hillsboro Canals, have altered regional ground-water flow directions considerably. Flow directions have generally changed from west to east to north and south directions in areas neighboring these canals ( fig. 3.1-1) .
Major points of ground-water discharge are the Loxahatchee River estuary, Intracoastal Waterway, Atlantic Ocean, West Palm Beach Canal, and Hillsboro Canal. Specific capacity (productivity) within the zone of secondary permeability can be as much as twice that elsewhere in the surficial aquifer.
The productivity of a well is often expressed in terms of the specific capacity, which is defined as the pumping rate divided by the associated drawdown of water levels in a well (Freeze and Cherry, 1979, p. 313) . Ground-water samples were collected from 39 wells penetrating the surficial aquifer In eastern Palm Beach County. Sampling depths ranged from 40 to 252 feet below land surface.
Concentrations of selected constituents in the water were determined to evaluate water quality In the aquifer and areal water-quality trends, particularly in the zone of secondary permeability. Complete waterquality data for these sites are available through WATSTORE. For information about WATSTORE, see section 5.0 of this report. The composition of water can be conveniently illustrated by a polygonal diagram (Stiff, 1951) , using three parallel axes extending on each side of a vertical zero axis. Concentrations of major cations and anions, in milliequivalents per liter, are plotted on their respective axis. The resulting points are connected to form an irregular polygonal shape which is a visual description of the water composition. Differences or similarities in waters can be recognized by comparing the polygonal shapes (Stiff diagrams). Stiff diagrams for water from several wells in the surficial aquifer are shown in figure 4.2.1-1.
The similarity of water samples collected along a north-south line, away from the influence of seawater intrusion, to the east and diluted residual seawater to the west is evident.
Changes in concentrations expand or contract the polygons, but the basic shape has little change where the water type remains constant.
As the cations and anions increase or decrease, the polygon shape changes as illustrated by the NaCl (salt) dominated sample from well PB-889.
Water is classified by its dominant cation (sodium and potassium, calcium, and magnesium) and anion (chloride, bicarbonate, and sulfate) groups. Water in the zone of secondary permeability (wells PB-1086, PB-1091, and PB-1103) is of the calcium bicarbonate type. In areas of diluted residual seawater (well PB-1094), codominance of calcium bicarbonate and sodium chloride occurs in the aquifer water, and in areas of saltwater intrusion (well PB-889), sodium chloride water dominates.
Generally, better water quality exists in the zone of secondary permeability because of higher permeabilities and higher ground-water gradients, allowing freshwater from rainfall to dilute and replace residual seawater. Because of lower permeabilities to the west, less replacement and dilution of residual seawater have occurred, yielding water of poorer quality. Lower permeabilities in western areas could be due to the presence of Limestones more resistant to solution, which result in slower flushing rates or Pleistocene groundwater gradients structured to create a large area of insufficient ground-water flow necessary for the formation of secondary permeability.
Water-quality analyses of samples collected from 25 wells in eastern Palm Beach County in July 1980 are given in table 4-.2.1-1. The map was compiled from water-quality data collected during July 28-31, 1980.
Dissolved solids concentration for seawater is about 35,000 mg/L (milligrams per liter).
In the surficial aquifer, highest dissolved solids concentrations are found along the eastern coast where saltwater from the ocean mixes with the freshwater in the aquifer. South of Palm Beach, dissolved solids concentrations decrease from the coast westward over the coastal ridge and reach a minimum along a north-south axis parallel to State Road 809. Continuing in a westerly direction, dissolved solids concentrations increase due to incomplete flushing of diluted residual seawater in materials of low permeability. Hardness of water is caused by calcium and " magnesium ions and is expressed as an equivalent amount of calcium carbonate. In the surficial aquifer of eastern Palm Beach County, the lithology is composed primarily of calcium carbonate, and calcium is the dominant cation, except in areas of saltwater intrusion where sodium dominates in ground water.
Based on mean total hardness from 25 wells, magnesium accounts for 10 percent of the total hardness.
Ground water sampled in the zone of secondary permeability is "very hard" when classified on a relative scale (Durfor and Becker, 1964 Chloride concentrations in the zone of secondary permeability are low compared to surrounding areas. Intrusion of saltwater along the coast and diluted residual seawater west of the coastal ridge are a threat to water quality in the zone of secondary permeability.
Current secondary drinkingwater regulations (U.S. Environmental Protection Agency, 1980a) recommend a maximum contaminant level of 250 mg/L of chloride. This limit is based on taste, health, and water-treatment considerations.
Chloride is present in various rock types in lower concentration than most of the other major constituents of natural water (Hem, 1970, p. 171) ; however, its chemical activity in natural water is less than other major ions.
Chloride ions do not significantly enter into oxidation or reduction reactions or form important solute complexes with other ions. They also do not form salt of low solubility, are not significantly adsorbed on mineral surfaces, and play few biochemical roles.
Because of relative chemical inactivity, chloride ions in the hydrologic cycle are very mobile and are generally controlled by physical processes (Hem, 1970, p. 172) . This high mobility of the chloride ion is a major concern in the south Florida hydrogeologic environment. A ground-water divide (as described in section 3.0) now controls the eastward migration of diluted residual seawater into the zone of secondary permeability. Increasing withdrawals of ground water from the zone of secondary permeability to meet future water demands could result in the alteration of ground-water flow, allowing diluted residual seawater to flow eastward into the zone of secondary permeability.
This phenomenon occurs now near the intersection of U.S. Highway 441 and the West Palm Beach Canal where ground-water and surface-water levels are about 8 feet lower than levels in the central section of the Lake Worth Drainage District ( fig. 3.1-1) .
Ground water containing 250 mg/L of chloride has migrated eastward to a point almost coincident with the zone of secondary permeability.
Additional lowering of water levels in the aquifer could permit this water to enter the zone of secondary permeability. Total organic carbon in ground water generally indicates that the water has infiltrated through naturally occurring organic materials or manmade contaminants.
In the surficial aquifer in eastern Palm Beach County, the most likely source of organic carbon is organic deposits in the Everglades west of Florida's Turnpike.
Total organic carbon concentrations are generally lower in the zone of secondary permeability in the aquifer and increase to the west.
This pattern is consistent with the occurrence of organic deposits in the area to the west. High organic carbon concentrations in the zone adjacent to the Loxahatchee Slough probably are the result of eastward migration of water that infiltrated from the Slough to the zone of secondary permeability. Nutrient data for wells sampled are given in table 4.2.6-1. These data indicate no specific trends in distribution of nitrogen and phosphorus nutrient concentrations in the surficial aquifer or its zone of secondary permeability. Ground-water samples from 25 wells in the surficial aquifer in eastern Palm Beach County were analyzed to determine concentrations of trace elements.
Analyses were made for metals (aluminum, barium, copper, iron, lead, manganese, mercury, strontium, and zinc) and nonmetals (arsenic and boron).
All trace-element concentrations are within U.S. Environmental Protection Agency (1980a Agency ( , 1980b regulation and recommended limits, except for mercury in well PB-1100 and for iron in wells PB-790, PB-1085, PB-1100, PB-1102, and PB-1104.
Iron often exceeds these limits in south Florida. Of these wells, only PB-790 is not in the zone of secondary permeability of the surficial aquifer.
Trace elements for which regulation maximum contamination limits have been determined for drinking water by the U.S. Environmental Protection Agency (1980a Agency ( , 1980b Trace-element data for wells in the surficial aquifer are listed in table 4.2.7-1. 
